Abstract -Using first-principles calculations within density functional theory (DFT) and highresolution angle-resolved photoemission spectroscopy (ARPES), we carry out a comprehensive study of how a symmetry gap around the Fermi level develops towards its bulk value as the thickness of Ag films grown on an Au(111) substrate increases. We show that, contrary to prevailing assumptions, the symmetry gap in ultrathin Ag films can be substantially wider than the gap of the Au substrate along the [111] direction. As a result, the first and second quantum well states (QWS) are confined within the Ag films only when the film reaches a certain thickness. We further show that, when ultrathin Au films are grown on Ag(111) slabs of comparable thicknesses, synergetic QWS spanning across the whole (Au+Ag) systems are established.
The existence or absence of an energy gap around the Fermi level of a crystalline solid is of fundamental importance, determining many characteristic properties of the material. For a given material, the energy gap can be dependent on the orientation, dimensionality, and size of the system, among other factors. As an example in the zero-dimensional regime, the energy gaps of clusters are usually larger than those of the corresponding bulk materials, and it remains fundamentally intriguing to understand precisely how the energy gap evolves towards the bulk value as the cluster size increases [1, 2] . In the three-dimensional regime, symmetry gaps along certain direction of the Brillouin zone can appear even for metals that do not have true energy gaps. Such local symmetry gaps can serve as potential energy barriers to confine electrons moving along these directions, leading to the formation of localized electronic states of surfaces and thin films, such as the surface and image states within the inverted sp-band gaps of the noble metal (111) surfaces [3] [4] [5] .
More recently, considerable attention [6] [7] [8] [9] has been paid to electron motion in ultrathin metal films on metallic [10] [11] [12] [13] [14] [15] [16] [17] [18] , semiconducting [19] [20] [21] [22] [23] , or quasi-crystalline substrates [24] . For such systems, there may exist a mismatch in the band gaps along the direction normal to the film, reflecting the electrons moving in the film towards the metal-substrate interface. This reflection, together with the reflection at the metal-vacuum interface on the other side, results in the formation of standing waves, or quantum well states (QWS), in the metal film. One first example exhibiting QWS in metal films on metal substrates was Ag on Au(111), observed in photoemission measurements [8, 10] . Here, one or more QWS were observed when the Ag film thickness reached 10 monolayers (ML) or thicker. In contrast, when Ag films were grown on Fe(100) [15] or V(100) substrates [6, 16] , QWS were already observed even for the thinnest films of 1 or 2 ML. Precisely what leads to the contrasting behaviors of Ag on the different substrates remains elusive. In particular, the quantum size effect (QSE), which is ultimately responsible for the appearance of QWS, is supposed to be more pronounced for thinner films, yet for Ag on Au(111) no QWS were observed in the first few atomic layers [8, 10] . Furthermore, essentially all existing theoretical interpretations have been based on the misalignment picture of the bandgaps of bulk Ag and Au, explicitly invoking a constant value of ∼ 0.33 eV for the Ag valence-band edge in the Γ-L direction [8, 10, 14] .
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In this letter, we present a systematic theoretical and experimental study of how a symmetry gap around the Fermi level evolves as a metal film grown on a metal substrate increases its thickness layer by layer, using Ag/Au(111) as a prototype system. By a comparison of density functional theory (DFT) calculation results with high-resolution angle-resolved photoemission spectroscopy (ARPES), we show that the symmetry gap in ultrathin Ag films can be substantially wider than either the symmetry gap of bulk Ag or that of the Au substrate. Consequently, the first bound state can be defined within the Ag films only when the Ag film thickness reaches about 10 ML, corresponding to the case where the Ag symmetry gap becomes distinctly narrower than that of Au. When the thickness increases beyond 18 ML, a second bound state falls into the gap region of the substrate, thereby confining the second QWS in the Ag films. We further show that, when ultrathin Au films are grown on Ag(111) overlayers of comparable thicknesses, synergetic QWS spanning across the whole (Au+Ag) systems are established, owing to the isovalency and negligible lattice mismatch between the two elements. These results help to rationalize the results of high-resolution photoemission measurements on a quantitative level.
Our calculations are carried out using the VASP code [25] based on DFT with ultrasoft pseudopotentials [26] and plane-wave basis sets. The exchangecorrelation effects are described within the generalized gradient approximation [27] . The energy cutoff for plane waves is 29 Ry. Relativistic effects are included at the scalar level, with the Ag and Au d orbitals included as valence states in generation of the pseudopotentials. The calculated equilibrium lattice constants for bulk Au and Ag are 4.18Å and 4.17Å, respectively, in good agreement with the experimental values (4.08Å for Au and 4.09Å for Ag). For Ag/Au(111), the systems are modeled by periodic slabs, which contain a vacuum spacing of 25Å, an Au substrate of at least 25 ML, and Ag films of desired thicknesses. The tiny lattice mismatch of ∼ 0.2% between Au and Ag is ignored by using the Au lattice constant for both elements. The Brillouin zone sampling is performed using a 20 × 20 × 1 Monkhorst-Pack k-point mesh [28] . In each case, the positions of the substrate atoms are fixed, while the interlayer spacings in the Ag overlayers are relaxed until the largest residual forces become less than 0.02 eV/Å, and the total energy is converged to the order of 10 −4 eV. Tests have been performed to make sure that all the results are fully converged with respect to the energy cutoff, system size, k-point sampling. We have also checked the relaxation of Au substrate atoms at the interface, and found that such relaxations do not alter the main findings of the present study in any essential way.
The ARPES data have been measured on in situ grown epitaxial films [29] with a Gammadata R4000 spectrometer using monochromatized He I radiation (hν = 21.23 eV) at low sample temperatures (T ≈ 60 K). The energy and angle resolution [5] for the presented measurements were ∆E ≈ 5 meV and ∆Θ ≈ 0.3
• . The Ag film thickness was determined by a quartz micro balance and more precisely from the analysis of the discrete photoemission peak shifts of Shockley and quantum well state due to the layer-by-layer growth of this system. Due to a careful calibration of the preparation procedure we are able to determine the film thickness N with a very high accuracy, which is important for the comparison with the theoretical results.
To illustrate how the resonant states evolve into welldefined QWS as the Ag film thickness, N Ag , increases, we present in fig. 1(a) a series of plane-averaged charge density plots of the eigenstates at Γ point of the zone center just below the surface states of the overlayer systems, which are the most likely precursors to the QWS trapped in the Ag films. In each panel of fig. 1(a) , the left and right vertical dashed lines indicate the Au/Ag and Ag/vacuum interfaces, respectively. Note that all the charge densities appear as an envelope function superimposed on finer oscillations, the latter with the period of the lattice spacing. The charge density of the state is within the Ag films when N Ag 10 ML. For N Ag 7 ML, the state cannot be regarded as the first QWS within the Ag films, not only because the corresponding charge density is mainly distributed in the Au substrate, but also because its binding energy is either lower than or too close to the upper edge of the Au valence band. Note that the calculated upper edge of the valence band of Au substrate is at the binding energy of 0.94 eV, slightly smaller than the experimental value of 1.09 eV, as indicated by the horizontal lines in fig. 2(a) and (b) for the former, and fig. 2(c) for the latter, respectively. In these cases, the strong coupling of the electrons in the Ag film with the Au valence band leads to the formation of a resonant state. The binding energy of the resonant state increases with the Ag film thickness, eventually well within the symmetry gap of the Au substrate, leading to the formation of the first quantum well state. To quantitatively define the onset thickness of each QWS, we introduce two exact criteria, the center-of-charge and the position of the maximum peak for the state, as depicted in fig. 1(b) . A QWS is considered to be established when either its center-ofcharge, or its maximum peak position, or both, lies in the Ag films. The two criteria differ only in the crossover region of 8-9 MLs for the n = 1 state. The charge density of the second state below the surface state is also shown in fig. 1(a) for N Ag = 18 and 19 ML, corresponding to the thicknesses right before and right after the crossover location of both the center-of-charge and the maximum peak position respectively, as indicated in fig. 1(b) .
To gain further insight in the evolution of the QWS, we show the various energy alignments for the cases of freestanding Ag films ( fig. 2(a) ) and Ag films grown on an Au substrate ( fig. 2(b) ). In fig. 2(a) , the two highest levels are the even and odd surface states, exhibiting the characteristic thickness-dependent splitting of the surface band [30] when the film thickness is less than the decay length of the surface states (12 ML) [31] . The lower subbands are the QWS. Figure 2 (a) clearly exhibits a strong thickness dependence of the symmetry gap, which is even larger than the counterpart of the Au substrate when N Ag < 14 ML. Therefore, when such a freestanding Ag film is placed on Au(111), the first QWS is likely to be established only when N Ag > 14 ML. In contrast, a constant bulklike symmetry gap has been assumed when treating such systems in the literature [8, 10, 14] . Figure 2(b) illustrates the influence of the substrate. Due to the Fermi level alignment of Ag and Au upon contact, the energy levels in the supported films will shift relative to the freestanding films. One most noticeable change is the reduction of the binding energy of the first state below the surface state at smaller Ag thicknesses. When these binding energies are compared with the location of the upper edge of the Au valence band, one should expect the development of the first and second QWS when N Ag 8 ML and 19 ML, respectively, consistent with the findings shown in fig. 1(b) . Here we also note that the contrasting behavior of QWS in Ag films on different substrates can be reconciled within the same picture. For Ag/Fe(100) and Ag/V(100), the relative symmetry gap for the ∆ 1 band is much larger, given by 4.20 eV [17] and 4.74 eV [16] , respectively. Therefore, QWS develop at much lower coverage in ultrathin Ag films on Fe(001) and V(001) than in Ag/Au(111) systems [6, 13, 15, 16] .
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Figure 2(c) shows a typical ARPES data set (grey-scale plot on the right side) from a systematic photoemission investigation of the Shockley-type surface state and quantum well states in Ag/Au(111). These high-resolution data together with an accurate determination of the film thickness N allows a detailed comparison with the calculated results above. In particular, the onset thickness of 7 ML for the first QWS (n = 1), i.e. the number of monolayers for which the QWS crosses the gap edge of the substrate at normal emission (θ = 0), is very close to the calculated values of 8 to 10 ML for the crossover region ( fig. 1(b) ) and identical to the calculated binding energy crossover in fig. 2(b) . For the second QWS (n = 2), the experimental onset thickness is 17 ML, also very close to the calculated value of 19 ML from both the energy and exact criteria ( fig. 1(b) and fig. 2(b) ). We would like to mention that Miller et al. observed the first and second QWS at the onset thickness of 10 and 19 ML, respectively.
Here we note that the primary source -on the theory side-for a possible quantitative difference between the calculated and the measured binding energies of the surface and quantum well states lies in the inaccurate determination of the Fermi energy in such DFT studies of systems that have true or symmetry gaps around the Fermi level. This possible uncertainty is one reason why we introduce the two new criteria (the center-of-charge and maximum peak position) to quantitatively determine the onset thicknesses of the QWS, rather than solely relying on the calculated binding energies. The accuracy of the two new criteria is ensured by the underlying charge conservation in all the calculations. More importantly, the three criteria, the binding energy and the two new ones, provide consistent results on the precise number of welldefined QWS for all the film thicknesses. In contrast, using the parameterized model with constant bulk band gap energies, Beckmann et al. predicted that the QWS in an Ag film grown on Au(111) would set in much earlier (4 and 12 ML for the first and second QWS, respectively) [14] .
In addition to the agreement between the theoretical and experimental QWS binding energies ( fig. 2(c) ), a detailed analysis of the photoemission intensities of the first QWS (n = 1) confirms nicely the calculated charge distributions given in fig. 1 . The photoemission intensity can be calculated by integrating the charge distribution over the depth, weighted with the exponential escape probability characterized by the mean free path (escape depth) λ of the photoelectrons at the respective kinetic energy (≈ 16 eV for He I). The best agreement between the measured intensity A N and the calculated intensity distribution B N could be obtained by using λ = 4 ML, in perfect agreement with the experimental value of 10Å ≡ 4.23 ML for Ag(111) [32] . As displayed in fig. 3 the theoretical and the experimental curve are identical within the error bars and show the same maximum position and width. For comparison we show also the result of a simple "particle-in-a-box" model which does not describe the decrease of intensity at low film thicknesses. , a photoelectron escape depth of λ = 4 ML has been used; the dashed line gives the intensity behaviour for a simple one-dimensional "particlein-a-box".
As discussed before [8, 10] , if one considers only the misalignment of the symmetry gaps of bulk Ag and Au, no QWS should be formed in Au films grown on an Ag(111) substrate. But based on the present study, the symmetry gap of an ultrathin Ag film can become much larger. Furthermore, given the isovalency and nearly perfect lattice mismatch of Ag and Au, we expect that the synergetic QWS, which are only confined between the two vacuum sides, with negligible influence of the Au/Ag interface, can be established when an Au film is grown on a thin Ag slab. This expectation is confirmed by studying a 5-ML Au film grown on a 5-ML Ag(111) slab, as displayed by the plane-averaged charge density of a representative QWS in fig. 4(a) . The results are obtained with the use of a supercell consisting of a 25Å vacuum layer, plus 5-ML Au supported on a 5-ML Ag slab. For comparison, the corresponding QWS in a 10-ML Ag(111) film is shown in fig. 4(b) . The electron density shows negligible perturbation at the Au/Ag interface, and a nearly ideal synergetic QWS spanning across the whole (Au+Ag) system is established [33] . Indeed, recent photoemission studies of the Au/Ag/W(110) systems [11, 12] have shown that QWS are characterized by the total thickness of the (Au+Ag) overlayers, indicating that such synergetic QWS are robust when the (Au+Ag) overlayers is deposited on a proper substrate.
The above finding, that synergetic QWS can be established in Au films grown on an Ag slab, suggests that potential quantum size effects on chemical rate processes may also exist on such films. In particular, gold is widely used as a catalyst [34] , yet in many cases its binding with the supporting materials is not as strong as desired. The present finding suggests that one may use an Ag slab as a gluing layer between Au and a substrate, and use the topmost Au layer for catalytic applications. Detailed studies confirming this conjecture for the cases of O and CO adsorption on synergetic (Au+Ag) quantum films will be published elsewhere [35] .
Finally, we note that most of the salient features obtained here in DFT studies could be rationalized using a simple one-dimensional (1D) "particle-in-a-box" model with a few fitting parameters. In fact, this was precisely done in a few previous studies of metal film growth on various substrates in the quantum regime [6, 8, 14, 17] . On the other hand, as pointed out above, these earlier treatments unavoidably invoked a constant 1D well depth (the relative gap between bulk bands along certain direction). Besides developing accurate and quantitative descriptions of the specific Ag/Au and Au/Ag systems of interest, our present DFT study also serves another important purpose: It provides important input parameters to future development of simplified 1D models for these and related systems.
In summary, we have carried out a comprehensive combined DFT and high-resolution photoemission study of how a symmetry gap around the Fermi level of ultrathin metal films develops towards its bulk value, using Ag/Au(111) as a prototype example. Contrary to prevailing assumptions, the symmetry gap in ultrathin Ag films can be substantially wider than either the bulk value of Ag or that of the Au(111) substrate. Based on this finding, plus detailed and precise studies of how the resonant states develop into well-defined quantum well states, we have provided quantitative interpretations in these and related systems. Furthermore, we have shown that ideal synergetic QWS can be established in (Ag+Au) thin films with comparable Ag and Au thicknesses, an observation that points to potential tunability of the chemical reactivity on ultrathin catalytic Au films. * * * 
